The degree to which DNA-linked particle crystals, particularly those composed of micrometer-scale colloids, are able to dynamically evolve or whether they are kinetically arrested after formation remains poorly understood. Here, we study a recently observed displacive transformation in colloidal binary superlattice crystals, whereby a body-centered cubic to face-centered cubic transformation is found to proceed spontaneously under some annealing conditions. Using a comprehensive suite of computer simulation tools, we develop a framework for analyzing the many displacive transformation pathways corresponding to distinct, but energetically degenerate, random hexagonal close-packed end states. Due to the short-ranged, spherically symmetric nature of the particle interactions the pathways are all barrierless, suggesting that all end states should be equally likely. Instead, we find that hydrodynamic correlations between particles result in anisotropic mobility along the various possible displacive pathways, strongly selecting for pathways that lead to the fcc-CuAu-I configuration, explaining recent experimental observations. This finding may provide clues for discovering new approaches for controlling structure in this emerging class of materials. (10) demonstrated that DNA-mediated interactions can be used to produce large quantities of small, micrometer-scale colloidal clusters that may be useful as building blocks in hierarchical assembly of more complex structures.
The degree to which DNA-linked particle crystals, particularly those composed of micrometer-scale colloids, are able to dynamically evolve or whether they are kinetically arrested after formation remains poorly understood. Here, we study a recently observed displacive transformation in colloidal binary superlattice crystals, whereby a body-centered cubic to face-centered cubic transformation is found to proceed spontaneously under some annealing conditions. Using a comprehensive suite of computer simulation tools, we develop a framework for analyzing the many displacive transformation pathways corresponding to distinct, but energetically degenerate, random hexagonal close-packed end states. Due to the short-ranged, spherically symmetric nature of the particle interactions the pathways are all barrierless, suggesting that all end states should be equally likely. Instead, we find that hydrodynamic correlations between particles result in anisotropic mobility along the various possible displacive pathways, strongly selecting for pathways that lead to the fcc-CuAu-I configuration, explaining recent experimental observations. This finding may provide clues for discovering new approaches for controlling structure in this emerging class of materials. T he use of grafted engineered DNA oligomers to direct the self-assembly of nano-and microscale particles into a variety of interesting ordered structures has now been demonstrated experimentally in several studies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . For example, Macfarlane et al. (8) have now shown that a rather wide range of binary nanoparticle crystallites can be homogeneously nucleated and grown using DNA-mediated interactions. Most recently, using multistep interaction "programs," McGinley et al. (10) demonstrated that DNA-mediated interactions can be used to produce large quantities of small, micrometer-scale colloidal clusters that may be useful as building blocks in hierarchical assembly of more complex structures.
Current efforts are now directed toward the development of a systematic framework for a priori design of DNA oligomer and particle characteristics given a desired target DNA-linked particle assembly (DLPA). As with any other class of materials, the first step in this process is the calculation of thermodynamic phase diagrams that establish the lowest free energy structure as a function of particle and DNA characteristics (e.g., particle size and shape, DNA hybridization free energy, and DNA graft density and distribution) (examples in refs. [11] [12] [13] . However, it is increasingly apparent that kinetic factors may play important roles in establishing the products observed in experiments (11, (13) (14) (15) (16) . For example, we have previously demonstrated that kinetic limitations in the rates of particle attachment and detachment at the growth interface of binary superlattice colloidal crystallites lead to unexpected competition between different phases and the emergence of nonequilibrium structures (6, 11, 17) . In ref. 8 , the intentional introduction of kinetic limitations via a reduction of grafted brush density on Au nanoparticles was similarly shown to lead to metastable phases that transform to lower-energy phases upon annealing, consistent with the presence of polymorphism during nucleation (11, (18) (19) (20) (21) . Moreover, recent studies have used purposefully induced kinetic arrest to generate binary colloidal gels with controllable mesoscopic structure (15, 22) .
These examples raise questions regarding the stability of nonequilibrium DLPA structures, i.e., whether DLPAs should be considered kinetically arrested materials and also whether equilibrium configurations that correspond to free energy minima are actually accessible in experiments. As discussed in prior work (14) , kinetic limitations generally are expected to be much more pronounced for micrometer-scale colloidal particles that are coated with a large number of DNA strands, leading to very sharp temperature dependence of the interaction, and represent something approaching the sticky-sphere limit where crystallization barriers are large.
However, recently a spontaneous body-centered cubic (bcc) to face-centered cubic (fcc) diffusionless (solid-solid) transformation was discovered experimentally by Casey et al. (9) in DNA-assembled, micrometer-scale, binary colloidal superlattice crystals, a finding that suggests such assemblies may in fact be quite dynamic. Although such transformations are well studied in atomic materials because of their considerable technological importance [e.g., Martensitic transformation in steel hardening (23) and shape memory alloys (24) ], their analysis in DLPAs is essentially nonexistent. Understanding the nature of such transitions in colloidal assemblies may provide additional pathways for manipulating DLPAs to produce desired configurations that are otherwise difficult or impossible to access by direct nucleation.
The experimental system in ref. 9 consisted of two subpopulations of 400-nm-diameter polystyrene particles, "A" and "B", that were functionally differentiated by the composition of
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The use of single-stranded DNA oligomers grafted onto submicron particles to drive interparticle interactions is a versatile technique for assembly. Although progress has been made in the attainable structural complexity, whether these assemblies are kinetically arrested or dynamically reconfigurable materials is not well understood. Here, we study the mechanism responsible for recently observed diffusionless transformations in DNA-assembled colloidal crystallites. We discover that hydrodynamic forces act to establish diffusional anisotropy that selects for specific child structures, consistent with experimental observations. The notion that hydrodynamic correlations play a significant role in such transformations provides evidence that DNA-linked particle assemblies are not simple thermodynamic constructs but, like many other materials of technological interest, require the simultaneous consideration of process and properties.
DNA oligomers grafted onto the particle surfaces. The two populations interact with binding energies that obey E AB ≥ E AA ; E BB and E AA = E BB , thereby generally favoring the formation of binary superlattice crystals over phase-separated single-component packings (5, 8, 9, 11, 17, 25) . Crystallization experiments were performed by placing an equal number of A and B particles into solution and gradually cooling the system. Depending on the interaction combination (E AB ; E AA ), it was found that annealed samples either yielded mixtures of two different types of wellordered binary superlattice crystals, CsCl (bcc lattice type) and CuAu-I (fcc lattice type), or randomly substituted solid-solution crystals having a face-centered cubic (FCC) structure (FCC-SS).
The action of a displacive (or diffusionless) transformation was deduced based on two principal observations. First, a small number of the crystallites were found to exhibit two distinct domains (CsCl and CuAu-I) separated by a sharp, coherent interface, similar to the Martensite-Austenite interfaces observed in steels (26) . A more indirect suggestion for the presence of a diffusionless transformation between CsCl and CuAu-I came from the observation that the vast majority of CuAu-I crystallites found in experiment were perfectly ordered, in contrast to our previous modeling studies that indicate homogeneous nucleation and growth of close-packed phases in this system give rise to numerous compositional ordering defects (11) .
In the following, we first use direct Langevin dynamics (LD) simulations and establish the feasibility of the transformation, although we find that the resulting close-packed configurations are always more structurally diverse than the uniform CuAu-I observed in experiment. We understand the source of this diversity by performing a vibrational mode analysis that enables us to identify all possible energetically degenerate transformation pathways that lead to different final (close-packed) configurations. Finally, we consider the role of hydrodynamic correlations on the effective multiparticle diffusivity of the system configuration along different transformation pathways and find that the anomalous configurations seen in experiment are precisely those that are strongly favored by hydrodynamics. Furthermore, we conjecture that such hydrodynamic selection may play a role in other colloidal systems displaying collective particle dynamics, such as hard-sphere and attractive glasses.
Direct Langevin Simulations of Displacive Transformations
We first performed LD simulations that consist of numerical integration of the Langevin equation for a system of particles that are subject to interparticle forces as well as forces due to the presence of an implicit solvent; i.e.,
where r is the time-dependent vector of particle positions, FðrÞ represents the interparticle forces, γ is the damping, or friction, coefficient (γ = k B T=D), and RðtÞ is a random Brownian force modeled as a delta-correlated Gaussian process with zero mean so that hRðtÞi = 0 and hRðtÞRðt′Þi = δðt − t′Þ. All LD simulations were performed using the LAMMPS software package (27) . Our calculations are driven by a recently developed coarsegrained interparticle pair potential model that has been validated with direct optical trap-based interaction measurements of particles (28) analogous to those used in ref. 9 . Although the most general calculation of the interaction potential between DNA-linked particles must include terms correcting for DNA polymer nonideality and other terms in the partition function (29) (30) (31) , for the particular DNA configuration used in our phase and interaction experiments, an idealized model gives an acceptably accurate result (32, 33) . For smaller particles, where interactions can be nonpairwise additive, explicit polymer simulations to compute the effective interaction potential may be required (13, 34, 35) . However, for the large micrometer-scale spheres in this study, the interaction is demonstrably pairwise additive and implicit polymer models can be used. A second issue regards kinetics-when DNA hybridization is slow compared with the duration of particles' Brownian collisions, the particle binding kinetics may be significantly different from those of particles diffusing in their mutual interaction well of attraction. Recent experimental studies of DNA particle binding kinetics (36) have confirmed that, at least when adequately large densities of DNA are used, DNA hybridization kinetics are fast enough for the particle binding to resemble that of particles in a potential well; i.e., the system is diffusion (rather than DNA reaction) limited.
The LD simulations of CsCl→CuAu-I transformation were initialized by placing spherical CsCl crystallites in a colloidal fluid of randomly placed particles corresponding to a particle volume fraction of 0.3. The colloidal fluid particles were used to stabilize the crystallite against dissolution. In each run, the simulation was first allowed to reach equilibrium, using interparticle interactions that favored the CsCl phase ðE AB = 6:0 k B T; E AA = 0Þ. Once equilibrium was reached, the interactions were adjusted to favor CuAu-I and the simulation continued until the transformation (if present) was completed. The final crystallite structure was analyzed using LAMMPS' common neighbor analysis (CNA).
Several parameters were varied to probe their possible influence on the transformation. These include the crystallite size (220-8,000 particles), the implicit fluid viscosity (0-5% of water), AB interaction strength ð4k B T ≤ E AB ≤ 6k B TÞ, and (AA/BB) interaction strength ð1:0k B T ≤ E AA ≤ 2:5 k B TÞ. The range of viscosity was sufficient to span the transition from overdamped to inertial dynamics (SI Text, section S1). Examples of transformed crystallite configurations are shown in Fig. 1 ; additional examples are provided in SI Text, section S1. In general, the transformed closepacked crystallites are of random hexagonal close-packed (rhcp) character with randomly distributed hexagonal close-packed (hcp) and fcc planes although most of the samples are biased toward hcp, a feature we return to later. A few transformed crystals are highly defected and appear to exhibit multiple transformations nucleated along different directions, leading to "locked" configurations. For example, the configuration in Fig. 1B shows a situation in which locking leads to a metastable, untransformed CsCl interior section (blue) that is surrounded by rhcp regions (red/green). In Fig. 1C , locking leads to regions of unidentifiable structure (gray) that presumably consist of partial cp and bcc character. Generally, only larger crystals that were run at higher viscosities tended to exhibit such configurations, which may be explained by the fact that damping reduces the correlation length scale of nucleated transformations, allowing multiple independent transformations to nucleate simultaneously. Most significantly, although some of the parameters may have weak systematic effects on the final transformed structure (SI Text, section S1), no reasonable combination of LD simulation parameters appears to reproduce the pure fcc CuAu-I samples observed in ref. 9 .
Vibrational Mode Analysis
The persistent discrepancy between simulated and experimental transformed crystallites suggests the presence of multiple accessible transformation pathways. In this section we seek to generate a basis for identifying all possible pathways and thus a mechanism that would explain the discrepancy. We first performed a vibrational mode analysis of the CsCl (and CuAu-I) superlattice DLPAs. Note that the experimental system is overdamped and the vibrational frequencies we describe below do not imply oscillatory behavior (37) . Vibrational mode analysis was carried out within the harmonic approximation (HA) about the perfect CsCl (or CuAu-I) configuration; i.e.,
where U 0 is the reference potential energy, u ∈ ∘ 3N is the perturbation vector away from the reference, r 0 , and H ∈ ∘ 3N × 3N is the dynamical (or Hessian) matrix given by
where i and j are atom indexes, and α and β are direction indexes. The 3N eigenvalues, fλ i g, and corresponding eigenvectors, fv ∈ ∘ 3N g, of H are related to the vibrational frequencies and vibrational mode vectors, respectively, of the system about the reference configuration.
Shown in Fig. 2 are the vibrational density-of-states (V-DOS) for spherical CsCl and CuAu-I crystallites containing 1,000 particles with interactions E AB = 6 k B T and E AA ; E BB = 0:6 k B T (CsCl) or E AA ; E BB = 6 k B T (CuAu-I). Both V-DOS distributions exhibit broad ranges of vibrational mode frequencies but CsCl also shows a large number of zero-frequency modes, fv 0 g: Although there are 6 such eigenvectors for CuAu-I, there are 77 for the CsCl crystallite. The 6 zero-frequency CuAu-I modes correspond to 3 crystallite translation modes and 3 rotation modes that are always present for any finite particle assembly. The additional CsCl zero frequency, or "floppy" modes, suggest that displacive transformations in colloidal DLPAs may have a different character than in atomic systems where (in general) no zero-frequency modes exist due to the long-range and multibody nature of atomic interactions. Nonetheless, transformations in both types of materials are expected to proceed along the lowest-energy pathwaysfor the particular colloidal DPLAs we consider here these pathways are apparently barrierless.
The existence of a flat energy subspace (corresponding to the kernel or null space of the Hessian matrix) that is spanned by a large number of zero-frequency eigenvectors makes difficult the identification of specific bcc→cp transformation pathways. Shown in 
., the so-called "sticky-sphere" limit. Here, we take a different approach that relaxes the sticky-sphere and small cluster limits imposed in ref. 38 . Starting with a perfect CsCl crystallite, we sequentially assign harmonic springs to random particles that tether them to their equilibrium positions. Each time an additional particle is tethered, the vibrational mode spectrum is recalculated. The effect of incremental tethering is to systematically reduce the dimensionality of the floppy subspace by eliminating zero-frequency modes (increasing rigidity). The process is repeated until a single zero-frequency mode remains. If the number of floppy modes reaches zero before reaching one, the tethers are removed and the process is reinitiated. Shown in Fig.  3B is an example single floppy mode that remains following the tethering procedure. Unlike the random vector shown in Fig. 3A , this mode denotes a well-defined in-plane motion of particles lying in a single (110) plane of the CsCl superlattice.
We refer to the eigenvector depicted in Fig. 3B as a "modelet"; a crystal-wide displacive transformation, v T , that evolves the crystallite from CsCl to CuAu-I (or something else) is composed of a linear combination of P modelets so that
where P is the number of {110} planes in the crystallite and α i are coefficients. Note that modelets corresponding to different particle planes along (110) ≠ 0, they are still always (pairwise) linearly independent. Consequently, the modelet basis identified by our tethering procedure is expected to at most span a linear vector space with dimension P. In fact, the precise value is P − 4 because some modelet combinations are not linearly independent. Importantly, P − 4 is found to always be exactly equal to the total number of zero eigenvalues in a CsCl crystallite, demonstrating that the modelet basis can be used to systematically define all possible barrierless bcc-cp transformations (SI Text, section S2).
We tracked several transformation pathways constructed with different modelet combinations. The crystal-wide combinations were constructed using Eq. 4 after normalizing the modelets so that the planar velocity has a value of unity. The coefficients, α i , were then selected so that a constant relative velocity between Fig. 2 . Vibrational density-of-states for spherical crystallites. Frequencies correspond to the square root of the Hessian eigenvalues. Blue, 1,000-particle CuAu-I crystallite ðE AA = E AB = 6k B T Þ; red, 1,000-particle CsCl crystallite ðE AB = 6k B T , E AA = 0Þ. adjacent planes was imposed. For example, if the first coefficient is unity, the second is given by either +c or -c, where c > 1, thereby creating a relative velocity between the first two modelets/particle planes. The next modelet/particle plane is then displaced at a velocity of either +c or -c relative to the second modelet and so on until every plane has been assigned a velocity. According to this scheme, the total number of crystal-wide modes along a given (110) orientation is 2 pi−1 , where p i is the number of crystal planes along orientation i.
Mode tracking was performed by evolving the particle positions along the resulting transformation vector (SI Text, section S3). We considered three specific combinations of modelets, the first two being constructed along a single [110] direction: (i) the magnitudes of all modelets are shifted by +c relative to their neighbors and (ii) the shift alternates between +c and -c across the entire crystallite. The first case corresponds to a uniform shear along the (110) direction (Fig. 4A) , whereas the second case corresponds to a "zig-zag" displacement field along (110) as shown in Fig. 4B . The third case (Fig. 4C) is the well-known Bain strain (39) defined in SI Text, section S2.
Evolving the (initially CsCl) crystallite along each of these modes, we find that once the flat energy subspace is reached (i.e., once the energy begins to change), further evolution along the mode vector corresponds to a negative energy change. Local energy minimizations initiated at these locations then rapidly lead to the final cp states; see SI Text, section S3 for further details. For the uniform shear and Bain strain cases, the resulting crystallite is CuAu-I (Fig. 5A) , whereas the zig-zag displacement leads to an ordered hcp superlattice as shown in Fig. 5B . Additional calculations using combinations of shear and zig-zag displacements lead to rhcp (Fig. 5C) . Note that the CuAu-I, hcp, and rhcp superlattices are all compositionally (and energetically) equivalent; i.e., in each case every particle is subject to eight unlike (AB) contacts and four like (AA/BB) contacts.
It is worth emphasizing that, by contrast, downhill energy minimizations initiated at edges of the zero-frequency manifold found using arbitrary zero-frequency eigenvectors (e.g., Fig. 3A ) never lead to bcc-cp transformations: Only properly constructed eigenvectors find paths to a cp configuration. This observation suggests that the topology of the zero-frequency manifold is of "hub-and-spoke" type with the ideal CsCl configuration at the center of the "hub." Whereas most excursions from CsCl quickly become blocked at the hub boundary, narrow openings (the spokes) lead to the various cp states. Taken together, these results provide a simple entropic explanation for why LD simulations initiated at the ideal CsCl configuration generally lead to rhcp transformed crystals rather than fcc CuAu-I (or pure hcp): There are far more modelet combinations that correspond to rhcp ð6ð2 P−1 − 4ÞÞ than either pure hcp (6) or fcc (9) . In the case of the 1,000-particle crystallite considered previously, this amounts to 36,867 rhcp states, each with its own microscopically distinct transformation pathway.
It is possible that subtle details of the zero-frequency manifold structure, such as funnels, or differences in the "spoke" hypergeometries could cause a bias in the end-state distribution and thus explain the CuAu-I selection observed experimentally. However, as mentioned earlier, the only apparent bias appears to favor transformation to hcp rather than to fcc. The observed hcp bias can be qualitatively explained by considering the difference in the way the fcc-and hcp-producing transformations occur on a local scale: Whereas relative motion between two adjacent (110) planes immediately leads to a locally hcp configuration, creation of an fcc plane requires the concerted motion of three adjacent planes in the parent CsCl crystal.
Hydrodynamic Correlation and Anisotropic Diffusion
The preceding vibrational mode analysis appears to fully explain the structural diversity observed in the LD simulations-but provides no clues regarding the discrepancy with respect to the experimental structures. Here, we consider the possibility of biasing induced by hydrodynamic correlations between the particles. Hydrodynamic forces are known to be important in driven (nonequilibrium) systems, e.g., when a shearing force is applied externally (40), but they are usually neglected when considering particle assembly in quiescent solvents, particularly when only the final configuration (rather than the kinetics) is of interest.
We introduce hydrodynamic correlations in incompressible fluids by modifying Eq. 1 to include the hydrodynamic force, F H , which is given by
where D is the mobility tensor. The hydrodynamic force on particle i represents viscous drag created by flow induced via the motion of other particles. In the full Stokesian dynamics approach (41), a further modification of Eq. 1 is required in which the single-particle random Brownian force, RðtÞ, is replaced by a new random force, R′ðtÞ, that accounts for correlations between Brownian forces acting upon different particles so that hR′ i ðtÞR′ j ðtÞi = 2D ij dt. However, this modification greatly increases the computational cost of the simulation and is not directly relevant for the present analysis. Instead, we consider the nonBrownian (fluctuation-free) limit and further assume that the particles are inertialess for simplicity. We also consider particle rotation so that the coupled force and torque balance equations are given by
where the mobility tensor is composed of four subtensors, D αβ , that describe the influence of hydrodynamic correlations on particle translation ("t") and rotation ("r"). Details of the asymptotic expansions used to approximate each subcomponent of the mobility tensor, along with an error analysis, are provided in SI Text, section S4.
To compute the overall mobility along a particular mode direction, particles arranged in a perfect CsCl crystallite with lattice parameter determined by the minimum potential energy are assigned velocities that correspond to that mode and Eq. 6 is used to calculate the corresponding particle drag forces, F i . For the time being, we assume that particles are freely rotating, i.e., that they are torque-free and τ = 0. The applied velocity vector is always scaled so that the total drag force exerted by an equivalent system of isolated particles is the same for all modes. A normalized overall effective mobility along a given velocity vector is then defined as
where F 0 is the vector of drag forces in the system of isolated particles. Shown in Fig. 6A are the scaled mobilities as a function of (spherical) crystallite size for the three different transformation pathways, computed at the initial CsCl configuration. These results correspond to a particle diameter, d p , of 400 nm, and particle center-to-center distance, d c , of 420 nm as dictated by the location of the energy minimum of the potential function (E AB = 6:0 k B T); i.e., d r ≡ d p =d c ∼ 0:95. Overall, the fcc-producing shear mode is found to have the highest effective mobility, whereas the hcpproducing zig-zag mode has the lowest. Random zero-frequency modes that do not correspond to transformation pathways exhibit mobilities that lie in between the simple shear and zig-zag limits (Fig. 6A, Inset) . Interestingly, the zig-zag mode and most of the random eigenvectors are hindered by hydrodynamic correlation (scaled mobilities below unity), whereas the shear and Bain modes are enhanced because of "slipstreaming." The mobility anisotropy increases with increasing crystallite size-extrapolating the results in Fig. 6A to the crystallite sizes in the experiment, >1,000 particles, suggests a ratio of diffusive mobilities of order 50 and greater. Although we have insufficient statistical evidence to unambiguously support this prediction experimentally, we have anecdotally found that the few large CuAu-I crystallites do not contain any stacking faults.
Whereas hydrodynamic forces clearly influence displacive transformation pathway selection, other nonequilibrium selection mechanisms, such as particle rolling or sliding, may also be operative or even dominant. The impact of assuming freely rotating, torque-free particles was probed by repeating the mobility calculations for rotationally fixed particles; i.e., _ θ = 0. We find that the influence of particle rotation on overall mode mobility is almost negligible (SI Text, section S4). This initially surprising finding can be explained by noting that significant particle rotation is not present during the various displacive transformations considered here because of rotational frustration arising from multiple simultaneous particle-particle interactions. This observation has an important implication, namely that particles must be sliding past each other, rather than rolling over each other, during the transformations. Equally crucially, the total extent of sliding during each of the different transformation pathways is essentially equal. As a result, any sliding friction due to DNA brush interactions or DNA bridge breakage and/or formation kinetics is not likely to be an important factor in the selection between the different transformation pathways, even if it alters the overall kinetics of the transformation process(es). Taken together, these observations leave hydrodynamic correlations as the likely dominant mechanism for transformation pathway biasing and structure selection.
In summary, our results indicate that hydrodynamic coupling between particles leads to highly anisotropic diffusion within the zero-frequency manifold in configuration space. The biasing mechanism may be interpreted in the context of a reaction network in which the "reactant" (CsCl) can transform into a number of energetically degenerate "products" (the various cp configurations). First, note that the energetic degeneracy of all products implies that, at equilibrium, the product distribution should correspond to the statistical distribution of the mode distribution identified by vibrational analysis-most of the crystallites should be rhcp. In the language of reaction kinetics, this is equivalent to stating that the equilibrium constant (the ratio of the forward and backward rates) for every pathway is the same but because there are many more reactions that produce various rhcp states, this type of product will dominate.
The anisotropic diffusion created by the hydrodynamic correlations alters the forward and backward rates of each the various pathways, but does so in a way that preserves the equilibrium constant of each pathway (and therefore the overall equilibrium state). The apparent persistence of the nonequilibrium distribution in the experiments can be reconciled by considering that at some point during the transition from bcc to cp, two new like bonds are formed for every particle, significantly lowering the crystallite energy. In other words, the forward rates are much higher than the backward rates and the equilibrium constants are very large. As a result, the nonequilibrium distribution is expected to persist for very long times-for like interactions of O(k B T), and crystals containing O(10 3 ) particles, the transformations are practically irreversible and the anisotropic diffusivity dictates the observed distribution.
Conclusions
The notion that preprogrammed DNA-grafted particles can be used to deterministically produce equilibrium assemblies is overly simplistic. Several studies have already demonstrated that the processing history to which a population of DNA-grafted particles is subjected can strongly influence the final structure. Most obviously, rapid quenching can trap a system into a high-energy, disordered noncrystalline state. However, the influence of kinetic factors also can be much more subtle, acting to select between multiple possible crystalline configurations, either during the crystallization process or, as was shown in our recent experiments, after crystallization via an unexpected displacive transformation. Scaled mobilities are reported relative to mobilities for isolated particles (Eq. S2). Inset shows distribution of scaled mobilities for 100 randomly selected zero-frequency eigenvectors for the 54-particle CsCl crystallite. (B) Scaled mobilities for 432-particle crystallite as a function of particle size relative to separation, d r ≡ ðd p =d c Þ −1 , for shear (green), Bain (blue), and zig-zag (red).
In this paper, we uncover yet another source of kinetic influence, namely the solvent in which the particle assembly forms. Although externally applied flows have been used previously to influence assembly in a variety of systems, we believe this is previously unidentified evidence for an autogenous mechanism in which self-induced hydrodynamic drag forces in an otherwise quiescent solvent lead to nonequilibrium structure selection. In particular, we provide strong evidence that hydrodynamic correlation between particles establishes a dynamic anisotropy that results in bias toward certain configurations over others during a CsCl→CuAu-I displacive transformation of binary superlattice crystallites. The extent of the anisotropy appears to be closely tied to the ratio of particle size and DNA oligomer length, possibly obfuscating otherwise simple size-scaling laws. We emphasize that the outcome of this study is not simply that DLPA processing is complicated: The ability to intentionally direct DLPAs toward nonequilibrium (and useful) configurations greatly increases the versatility of these materials, provided that such effects are well understood.
Finally, although this study was focused on the specific action of anisotropic diffusion during displacive transformations of DNAlinked particle assemblies, we hypothesize that similar effects may occur in a variety of colloidal model systems. The principal defining feature of the system we consider in this paper is structural transformation involving the cooperative motion of large numbers of colloidal particles, corresponding to the system moving along narrow pathways on flat energy subspaces in configuration space. The same description would apply equally well to glasses and supercooled fluids of hard-sphere colloids, which display highly cooperative rearrangements termed dynamical heterogeneity (42, 43) . Moreover, our CsCl parent crystals are held together by short-range reversible interactions, in insufficient numbers to give rise to mechanical rigidity, reminiscent of socalled attractive glass colloidal systems (44) . Thus, we hypothesize that hydrodynamic selection/biasing can play a role in multiple systems of considerable current interest, in which the details of microscopic rearrangements often remain poorly understood and experimental results frequently do not resemble those from matched simulations.
